Background
==========

Inflammatory myopathies are a group of systemic autoimmune diseases that involve chronic muscle inflammation with muscle weakness \[[@b1-medscimonit-24-9187],[@b2-medscimonit-24-9187]\]. Based on clinical features, muscle histopathology, and autoantibody profiles, myositis can be classified into dermatomyositis (DM), polymyositis (PM), sporadic inclusion body myositis (IBM), and necrotizing autoimmune myopathy (NAM) \[[@b2-medscimonit-24-9187],[@b3-medscimonit-24-9187]\]. Previous studies have shown that inflammatory myopathies are characterized by acute or subacute progressive muscle weakness and endomysia inflammatory cell infiltration, but the etiology and pathogenesis of the disease remain unclear \[[@b4-medscimonit-24-9187],[@b5-medscimonit-24-9187]\]. Recent research indicates that muscle-specific autoantibodies and immunosuppressive drugs can help to alleviate symptoms \[[@b6-medscimonit-24-9187]--[@b8-medscimonit-24-9187]\]. However, these types of treatments have many adverse effects. Identification of novel targets involved in immune-mediated processes would shed further light on the pathophysiology and treatment options for inflammatory myopathies.

Cytokines are small proteins involved in the development and pathogenesis of inflammatory and/or autoimmune diseases through their secretion \[[@b9-medscimonit-24-9187]--[@b11-medscimonit-24-9187]\]. Interleukin-37 (IL-37) is a recently identified member of the interleukin-1 (IL-1) family and is a pivotal anti-inflammatory cytokine involved in regulating inflammation \[[@b12-medscimonit-24-9187]--[@b15-medscimonit-24-9187]\]. IL-37 has been reported to play a crucial role in gouty arthritis by regulating the MSU crystal-induced inflammatory process, partly in a MerTK-dependent manner \[[@b16-medscimonit-24-9187]\]. Previous studies have shown that Smad3 is involved in the immunosuppressive and anti-inflammatory properties of IL-37 both *in vitro* and *in vivo*; blocking Smad3 activation or knockdown of Smad3 decreased the anti-inflammatory activity of IL-37 \[[@b12-medscimonit-24-9187],[@b15-medscimonit-24-9187]\]. However, the effects of the IL-37-Smad3 signaling pathway and sequential inflammatory factors during the development of inflammatory myopathies remain largely unknown.

In the present study, we investigated the effect of recombinant human IL-37 (rhIL-37) in autoimmune myositis Lewis model rats, finding that rhIL-37 attenuates the inflammatory process of inflammatory myopathies, which could be used as a novel molecular targeted therapy.

Material and Methods
====================

Animals
-------

Six-week-old female Lewis rats were purchased from Shanghai SLAC Laboratory Animal Company (Shanghai, China) and housed in a specific pathogen-free facility in our hospital. All experiments were performed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals (revised 1996) and the protocol was approved by the Ethics Committee of Qilu Hospital of Shandong University.

Experimental autoimmune myositis (EAM) model
--------------------------------------------

The EAM model was performed as previously described \[[@b17-medscimonit-24-9187],[@b18-medscimonit-24-9187]\] with several modifications. In brief, myosin from rabbit (10 mg/kg) combined with complete Freund's adjuvant (CFA, Sigma) in saline were multi-injected into back muscle tissue for 5 weeks. Then, the rats were divided into 3 groups: in group A (PTX group), intraperitoneal injection of pertussis toxin (PTX, Sigma) was performed once a week for the first 2 weeks; in group B (PTX + IL-37 group), after injection of PTX, 3 μg recombinant human IL-37 was also intraperitoneally injected at the sixth weeks once per week for 5 weeks; and in group C (PTX + IL-37 + SIS3 group), after the same treatment as in group B, 10 μmol SIS3 was injected via the tail vein.

Histological analysis of inflammatory lesions
---------------------------------------------

The lung and muscle tissue from rats were removed, fixed in 10% formaldehyde, embedded in paraffin, and stained with hematoxylin and eosin (H&E) and Masson's trichrome staining. The presence of mononuclear cell infiltration and degeneration of the muscle fibers were graded as previously described \[[@b19-medscimonit-24-9187]\]. The extent of lung inflammation and injury was assessed as previously described \[[@b20-medscimonit-24-9187]\]. All slides were evaluated with a light microscope independently by 2 evaluators who were blinded to the immunization protocol (Olympus Corporation, Japan).

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

The concentrations of serum of IL-6, tumor necrosis factor (TNF)-α, transforming growth factor (TGF)-β1, IL-1β, and creatine kinase (CK) were measured using an ELISA kit according to the manufacturer's instructions. The Rat IL-1β Mini ELISA Development Kit and Rat IL-6 ELISA Development Kit were purchased from PeproTech, the Rat TGF-β1 ELISA Kit was obtained from Sciencell, the TNF (Rat) ELISA Kit was obtained from Abnova, and the Creatine Kinase Activity Assay Kit was purchased from Sigma-Aldrich (St. Louis, MO, USA).

Statistical analysis
--------------------

All values are expressed as means ± standard deviation (SD) and statistical analyses were performed with SPSS 17.0 (SPSS, Inc., Chicago, IL, USA). The *t* test was used to evaluate the differences between groups, and one-way analysis of variance (ANOVA) was used to evaluate the differences when more than 2 groups were compared. P\<0.05 was considered as statistically significant.

Results
=======

PTX promotes development of inflammatory myopathies
---------------------------------------------------

The effect of PTX on myosin combined with the complete Freund's adjuvant-induced EAM rat model was examined using light microscopy. In PTX-stimulated EAM rats, hematoxylin and Eosin (H&E) staining in tendon showed that mononuclear cell infiltrated into the muscle tissues in EAM group as compared to normal control group ([Figure 1A](#f1-medscimonit-24-9187){ref-type="fig"}). Masson's trichrome staining was performed to evaluate histological changes during the phases of lung injury and our data showed that tissues from mice administrated with PTX exhibited more fibrosis and muscle fiber atrophy ([Figure 1B](#f1-medscimonit-24-9187){ref-type="fig"}). Similar inflammatory infiltrates in the lung tissues was observed in the EAM group of mice ([Figure 1C](#f1-medscimonit-24-9187){ref-type="fig"}). The level of CK in PTX mice serum was significantly increased compared with control mice ([Figure 1D](#f1-medscimonit-24-9187){ref-type="fig"}). Overexpression of inflammatory cytokines have been reported to increase in inflammatory myopathies. Then we measured cytokine levels related to EAM via ELISA in mice serum. Levels of inflammatory cytokines such as IL-1β, IL-6, TGF-β and TNF-α were increased overall in mice administrated with PTX ([Figure 1E--1H](#f1-medscimonit-24-9187){ref-type="fig"}). These results indicated that the model of experimental autoimmune myositis was constructed *in vivo*.

IL-37 suppressed the inflammatory responses induced by PTX stimulation in the autoimmune myositis Lewis model
-------------------------------------------------------------------------------------------------------------

Emerging evidences have shown that IL-37 played a crucial role in the regulation of inflammation, cellular differentiation, and proliferation in many inflammatory diseases. Then we assess the effects of IL-37 on the muscle lesions induced by PTX. As shown in [Figure 2A--2C](#f2-medscimonit-24-9187){ref-type="fig"}, IL-37 significantly decreased the histological lesions of muscle and lung induced by PTX stimulation in the autoimmune myositis Lewis model rats. Commensurately, the CK level also decreased in rats administrated PTX and IL-37 compared to that in rats administrated only PTX ([Figure 2D](#f2-medscimonit-24-9187){ref-type="fig"}), as did the other 4 cytokines (IL-1β, IL-6, TGF-β1, and TNF-α) ([Figure 2E--2H](#f2-medscimonit-24-9187){ref-type="fig"}).

Inhibition of Smad3 partly attenuated IL-37-mediated anti-inflammatory effects *in vivo*
----------------------------------------------------------------------------------------

SIS3 is an inhibitor of Smad3, which interact with IL-37. When the EAM rats were administrated both IL-37 and SIS3, histological analysis showed that the role of IL-37 in decreasing the lesions of muscle and lung induced by PTX stimulation was significantly attenuated ([Figure 3A, 3B and 3C](#f3-medscimonit-24-9187){ref-type="fig"}). Synchronized with the change of histological lesions, the serum levels of CK ([Figure 3D](#f3-medscimonit-24-9187){ref-type="fig"}), IL-1β ([Figure 3E](#f3-medscimonit-24-9187){ref-type="fig"}), IL-6 ([Figure 3F](#f3-medscimonit-24-9187){ref-type="fig"}), TGF-β1 ([Figure 3G](#f3-medscimonit-24-9187){ref-type="fig"}), and TNF-α ([Figure 3H](#f3-medscimonit-24-9187){ref-type="fig"}) were all significantly higher in EAM rats administered PTX+IL-37+SIS3 than in EAM rats administered PTX+IL-37.

Discussion
==========

Further exploration of the pathogenesis of inflammatory myopathy will not only allow clinical practitioners to increase understanding of the disease, but will also help to find the potential therapeutic target by focusing on the key point of pathogenesis. Currently, the optimal pharmacologic treatment in PM and DM is unclear. However, corticosteroids and cytotoxic drugs remain the most common therapies for inflammatory muscle disease. In the present study, IL-37 showed a significant anti-inflammatory effect in the IIM rat model, which indicates it is a potential therapeutic target.

Several studies have demonstrated that pro-inflammatory cytokines such as IL-1α, IL-1β, TNF, and IFN-α in muscle tissue from patients with IIMs play a role in the pathogenesis of myositis \[[@b21-medscimonit-24-9187]--[@b24-medscimonit-24-9187]\]. Bilgic reported that serum IL-6 production and the type I IFN gene signature in the peripheral blood are correlated with disease activity in patients with DM \[[@b25-medscimonit-24-9187]\].

IL-37 is involved in the pathogenesis of multiple autoimmune diseases \[[@b26-medscimonit-24-9187],[@b27-medscimonit-24-9187]\]. The serum concentration of IL-37 is usually elevated in multiple autoimmune diseases. Increased levels of IL-37 have been detected in serum and synovial fluid of patients with RA, and IL-37 levels are significantly correlated with the levels of IL-4, IL-7, IL-10, IL-12, and IL-13 \[[@b28-medscimonit-24-9187]--[@b30-medscimonit-24-9187]\]. Similar results were also reported in systemic lupus erythematosus \[[@b27-medscimonit-24-9187],[@b31-medscimonit-24-9187]\]. On the contrary, IL-37 production of human PBMCs was significantly lower in allergic bronchial asthma \[[@b32-medscimonit-24-9187],[@b33-medscimonit-24-9187]\] and Behcet's disease (BD).\[[@b34-medscimonit-24-9187]\] In the present study, IL-37, IL-1β, IL-6, TGF-β1, and TNF-α levels were significantly higher in EAM rats stimulated by PTX compared to the rats without PTX stimulation. Thus, increased IL-37 and TGF-β1 is likely to be the compensatory result due to increased pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-α.

IL-37 is an anti-inflammatory cytokine that inhibits the expression, production, and function of pro-inflammatory cytokines \[[@b15-medscimonit-24-9187]\]. As shown in the present study, IL-37 significantly decreases the histological lesions of muscle and lung tissue induced by PTX stimulation in the autoimmune myositis Lewis rat model, as do the CK and other cytokines. This means IL-37 plays an anti-inflammatory role in IIMs.

SIS3 is a specific inhibitor of Smad3 and can block the activation of Smad3 \[[@b35-medscimonit-24-9187]\]. IL-37 plays its role by interacting with Smad3 \[[@b36-medscimonit-24-9187]\]. In the present study, the anti-inflammatory role of IL-37 significantly decreased when the IIM model rats were administered IL-37 followed by SIS3. Moreover, IL-37 can inhibit IL-18-dependent pro-inflammatory cytokine production by binding to IL-18 receptors and IL-18 binding protein \[[@b37-medscimonit-24-9187]\]. Several studies have reported that the anti-inflammatory effects of IL-37 were completely abolished in mice deficient in IL-18Rα or SIGIRR/IL-1R8 \[[@b32-medscimonit-24-9187],[@b38-medscimonit-24-9187],[@b39-medscimonit-24-9187]\]. Thus, we conclude that IL-37 functions, at least in part, with Smad3 in IIMs.

Muscle biopsy is the criterion standard for diagnosis of inflammatory myopathies and is a critical component of the definitive diagnosis of IIMs \[[@b40-medscimonit-24-9187]\]. The general features include necrosis, degeneration, fiber diameter variation, regeneration, increase in connective tissue, and inflammation. Lung involvement is frequent in IIM diseases and is a major risk factor for morbidity and mortality. Moretti et al. reported that IL-37 reduced neutrophil infiltration into the lung \[[@b41-medscimonit-24-9187]\]. Lunding et al. reported that intranasal administration of IL-37 dampened allergic airway inflammation as well as pro-inflammatory cytokine production, mucus hyperproduction, and airway hyperresponsiveness \[[@b32-medscimonit-24-9187],[@b38-medscimonit-24-9187],[@b39-medscimonit-24-9187]\]. In the present study, we found necrosis, degeneration, fiber diameter variation, regeneration, increased connective tissue, and inflammation in muscle tissues of EAM rats stimulated by PTX. However, after administration of IL-37, the muscle disorders were significantly reversed, as were changes in lung tissue. This means IL-37 can suppress the inflammation reaction in muscle and lung tissue induced by PTX, and these results are consistent with previous studies \[[@b32-medscimonit-24-9187],[@b38-medscimonit-24-9187],[@b39-medscimonit-24-9187]\].

Conclusions
===========

IL-37 and other pro-inflammatory cytokines are involved in the pathogenesis of IIM. IL-37 suppresses the inflammatory responses induced by PTX stimulation in the autoimmune myositis Lewis rat model by the Smad3 signal transduction pathway. The relative importance of IL-37 in patients with myositis remains uncertain, but the molecule is a potential biomarker candidate in IIM disease.
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![Histological analysis of the muscle and lung tissues. (**A**) Representative results of H&E staining of muscle tissue from mice treated with PBS or PTX. (**B**) Representative images of Masson's trichrome staining of muscle tissue from mice in the PTX-induced inflammatory myopathies model. (**C**) Representative results of H&E staining of lung tissue from mice treated with PBS or PTX. (**D**) Serum levels of CK in mice treated with PBS or PTX. The level of IL-1β (**E**), IL-6 (**F**), TGF-β (**G**) and TNF-α (**H**) in mice treated with PBS or PTX. \*\* P\<0.01.](medscimonit-24-9187-g001){#f1-medscimonit-24-9187}

![Role of IL-37 in EAM. (**A**) Endomysial inflammation was determined in muscle tissue by H&E staining in EAM group treated with recombinant human IL-37 or without recombinant human IL-37. (**B**) Scattered fibers undergoing necrosis and phagocytosis of muscle tissue in EAM group treated with recombinant human IL-37 or without recombinant human IL-37 by Masson's trichrome staining. (**C**) H&E staining of representative lung sections of EAM group mice with or without recombinant human IL-37. (**D**) Serum levels of CK in mice treated with or without recombinant human IL-37. Production of IL-1β (**E**), IL-6 (**F**), TGF-β (**G**) and TNF-α (**H**) in PTX treated mice administrated with 20 ng/mL of recombinant human IL-37 for the indicated time. \*\* P\<0.01.](medscimonit-24-9187-g002){#f2-medscimonit-24-9187}

![Involvement of Smad3 in EAM mice. (**A**) Representative H&E-stained images of muscle tissue in PTX injection mice as indicated. (**B**) Representative Masson's trichrome-stained images of muscle tissue in PTX injection mice as indicated. (**C**) Representative H&E-stained images of lung tissue in PTX injection mice as indicated. (**D**) Serum levels of CK in PTX injection mice as indicated. Quantification of IL-1β (**E**), IL-6 (**F**), TGF-β (**G**) and TNF-α (**H**) by ELISA in PTX injection mice as indicated. \*\* P\<0.01 *vs.* the PTX group. ^\#^ P\<0.05 indicated PTX+IL-37 *vs.* PTX+IL-37+SIS group.](medscimonit-24-9187-g003){#f3-medscimonit-24-9187}
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